ABSTRACT FROM THE ORIGINAL ARTICLE BACKGROUND: The treatment of complex diaphyseal malunions is challenging, requiring extensive preoperative planning and precise operative technique. We have developed a simpler method to treat some of these deformities.
INTRODUCTION
The clamshell osteotomy is a simplified approach to the correction of long-segment, combined angular and translational malunions of the femoral or tibial diaphysis with use of an intramedullary nail. Conceptually, the osteotomy is easy to understand and can simply be thought of as a comminuted diaphyseal fracture which one would treat primarily with an intramedullary rod, wherein the rod acts as an anatomic axis template for the purpose of effecting reduction (Figs. 1-A through 1-J). The clamshell osteotomy offers simplified preoperative planning. The surgical tactic is familiar and readily transferable to other situations. The technique may be used with intramedullary nailing in situations in which intraoperative fluoroscopy is not available, thereby potentially increasing its applicability 1 .
SURGICAL TECHNIQUE Preoperative Evaluation
Preoperative evaluation includes differing heights are used to level the pelvis in double-limb stance. If the limb-length inequality measures >2.5 cm, scanograms are made. Soft-tissue changes resulting from previous procedures or traumatic open wounds are noted, with specific attention paid to the soft-tissue zone over the segment of the deformity. Range of motion and stability of the joints proximal and distal to the deformity are noted. The rotational profile is judged according to the supine resting posture of the extremity. The thigh-foot axis is determined to assess tibial torsion, and the rotatory hip range-of-motion arc in the supine and prone positions is measured to assess femoral deformity. Radiographic evaluation includes characterization of the malunion with biplanar radiographs, an evaluation of joint status proximal and distal to the deformity with standard radiographs, and standing hip-to-ankle radiographs in the patella-forward position.
Coronal and sagittal plane angulation is determined by drawing the angle formed by the intersection of the anatomic axis of the most distal segment with that of the most proximal segment of the bone involved. Rotation and translation are referenced according to the standard practice of describing the distal segment with respect to the proximal segment. The amount of translation in the coronal and sagittal planes is estimated on the basis of the perpendicular distance between the anatomic axis of the proximal segment and the anatomic axis of the distal segment when a translational as well as an angular deformity is present. Such deformity characterization provides an improved understanding of the preoperative alignment.
Operative Technique

Antegrade Femoral Rod Fixation
A patient with a femoral malunion is positioned supine on a radiolucent table with both lower extremities included in the surgical field. Any standard commercially available locking intramedullary femoral nail system can be used. A positioning wire is introduced into the piriformis fossa with use of fluoroscopic guidance to ensure that the wire is placed in the center of the proximal femoral segment in the anteroposterior and lateral planes. The proximal femoral segment is opened with use of the opening reamer, which is placed over the threaded positioning wire. No attempt is made to sequentially ream the proximal segment at this point. An incision is then made on the lateral part of the thigh, spanning the length of the malunited segment. The iliotibial band is identified and incised to reveal the vastus lateralis fascia. The vastus lateralis muscle is then elevated from the posterior part of the femur extraperiosteally, exposing the malunited segment. Care is taken to expose only the lateral surface of the femur to preserve the soft tissue attachments to the planned osteotomy fragments. We emphasize the use of an atraumatic soft-tissue technique. The proximal and distal extents of the malunion are verified with use of fluoroscopy. A 4.5-mm drill-bit is then used to make multiple bicortical holes along the long axis of the malunited segment. The goal is to create a uniform line of stressrisers. A 1-in (2.54-cm) straight osteotome is used to osteotomize the segment through the lateral cortex only with use of the drillholes as a guide. Osteotomizing only the lateral cortex along the drill-holes and keeping the medial cortex relatively intact prevents propagation of longitudinal fractures into the normal segments. The femur is then transected perpendicular to the This step has been likened to opening a clamshell, hence the name. If, however, the medial cortex does not open easily, then an osteotome may be used to cut the medial cortex, after which Passage of the guidewire into the distal femoral shaft may be assisted by direct manipulative means through the osteotomized femoral segments. The length of the guidewire is then measured.
The vastus lateralis is then allowed to drape over the exposed osteotomy segments in order to retain bone fragments produced by subsequent reaming. Medullary reaming is carried out in the proximal segment until the osteotomized segment is encountered. The reamer is then pushed through the osteotomy zone until the intact distal femoral fragment is encountered. No attempt is made to control the osteotomized fragments; the reamer is pushed through the osteotomy zone to prevent binding on the osteotomy fragments. Reaming of the distal fragment is then performed. Reaming in this sequence creates a "push-pull" 
FIG. 2-E
effect on the reamings. As the reamer is passed through the proximal segment, the reamings are pushed out from the proximal segment and deposited at the proximal osteotomy sites. The converse is true as the reamer is retrieved from the distal segment; the reamings are pulled along and deposited at the distal osteotomy sites. We believe that these reamings are critical for healing of the osteotomy gaps. Reaming is continued in 0.5-mm increments until cortical chatter is obtained. A femoral rod measuring 1 mm less in diameter than the final reamer is then implanted. Interlocking bolts are placed in the proximal femoral fragment in the static position with use of the jig. At this point, sagittal and coronal plane alignment will have occurred, with use of the femoral rod as a template. Final length and rotational corrections are performed at this time on the basis of preoperative measurements and with use of the contralateral lower extremity for comparison. Length and rotation corrections may be maintained with manual traction provided by an assistant or with the use of a femoral distractor or an external fixator. Distal interlocking bolts are then placed, under fluoroscopic guidance, with use of the freehand perfect circle technique.
The vastus lateralis is then retracted to expose the osteotomy zone. If substantial displacement of the osteotomy fragments is noted, a dental pick may be used to gently realign the fragments about the nail. Fixation of the osteotomized segments is not attempted; the osteotomy zone is likened to a comminuted fracture and thus no attempt is made to supple- (Fig. 2-K) and lateral (Fig. 2-L The reamings generally fill the osteotomy gaps as a result of the "push-pull" technique ( Fig.  1-H 
Retrograde Femoral Rod Fixation
The patient is positioned supine on a radiolucent operating table
with both of the lower extremities included in the surgical field.
The involved lower extremity is placed atop a radiolucent triangular positioning device, allowing the knee to be flexed approximately 45°. A medial parapatellar approach is used to gain access to the starting point. The starting point and the entrance angle into the distal segment are confirmed radiographically, and the threaded introduction wire is advanced with care to ensure that it is in the center of the distal fragment on the anteroposterior and lateral fluoroscopic images. The opening reamer is then placed over the starting wire for a depth of approximately 15 cm. The malunited femoral segment is then managed exactly as discussed above with the antegrade rodding technique. After the osteotomy has been created, a balltipped guidewire is passed from the distal segment across the osteotomy zone into the proximal segment, with care taken to ensure that it is centered in both the sagittal and coronal planes. The reaming rod is passed over the guidewire through the distal femoral segment, through the osteotomy segment, and up to the piriformis fossa in the proximal segment, with care taken to achieve an appropriate entrance angle and ending point in the proximal segment 3 . Prior to sequential reaming, provisional alignment is achieved in all planes with use of indirect reduction maneuvers. After reaming, a retrograde femoral rod is placed and two distal interlocking bolts are placed through the jig. At this point, sagittal and coronal plane alignment should be achieved with use of the nail as a reduction template, leaving only length and rotatory malalignments to be addressed. With use of the contralateral lower extremity as a guide, final length and rotational adjustments are performed with use of manual traction, a femoral distractor, or an external fixator, and then two proximal interlocking bolts are placed.
Tibial Rod Fixation
The patient is positioned supine on the operating room table with both lower extremities included in the surgical field. A tourniquet is not used. A lateral incision is created along the fibular shaft at the planned level of the proximal transverse component of the tibial osteotomy. A fibular osteotomy is required to allow for complete freedom in repositioning of the tibia after the osteotomy. An oblique osteotomy is created in the fibula to allow for a larger surface area for contact and healing. A medial parapatellar or a transpatellar tendon entrance to the previously defined safe zone for the tibial rod starting point is used 3 . We have no preference as to tibial nail entry site. With use of fluoroscopy, care is taken to ensure an appropriate entrance angle into the proximal tibial segment. The proximal tibial segment is then opened with use of a threaded wire over which an opening reamer is passed. No attempt is made to sequentially ream the proximal tibial segment at this time. The osteotomy site is exposed next.
A longitudinal incision is made over the anterior compartment, one fingerbreadth lateral to the tibial crest along the proposed longitudinal osteotomy site. The anterior compartment musculature is translated posteriorly, allowing for an extraperiosteal exposure of the lateral aspect of the malunited segment. An atraumatic soft-
FIG. 3
Artist's depiction of the plane of the longitudinal portion of the clamshell osteotomy for the tibia. The plane is approximately parallel to the medial face of the tibia.
Figs. 4-A through 4-H A thirty-three-year-old man sustained Gustilo type-IIIB open fractures (extensive soft-tissue loss with periosteal stripping and bone exposure) of the tibia and fibula in a crushing injury. The fractures were treated with an external fixator. The patient presented for treatment of the malunion two years after the injury. Fig. 4 -A Anteroposterior standing radiograph of the lower extremity, showing a shortened tibia with a medially translated distal tibial segment. Also, there is a varus malunion at the inferior end of the intercalary segment. Fig. 4 -B Lateral radiograph demonstrating the marked deformity of the tibia, highlighted by marked posterior translation and apex posterior angulation at the superior end of the intercalary segment. Fig. 4 -C Artist's drawing of the tibial clamshell osteotomy, with the soft tissues included. The anterolateral muscular sleeve is being retracted posteriorly, exposing the lateral aspect of the tibia. The osteotomy is initiated 3 to 5 cm posterior to the anterolateral tibial prominence and angled posteromedially and parallel to the subcutaneous surface of the tibia. tissue technique is emphasized, and only the anterolateral portion of the tibia is exposed. The positions of the proximal and distal transverse osteotomies are localized with radiographic guidance, and a Kirschner wire is placed perpendicular to the anatomic axis in order to guide the osteotomies. Because of the triangular cross section of the tibia, the coronal plane clamshell osteotomy used for the femur cannot be used. Instead, the clamshell component of the osteotomy is created parallel to the medial tibial face, beginning just posterior to the anterolateral subcutaneous prominence of the tibia and aiming in a posteromedial direction (Fig. 3) .
A 3.5-mm drill-bit is used to create the path for the longitudinal osteotomy with the goal of creating a bicortical uniform plane of stress-risers (Figs. 4-A  through 4-H) . Completion of the osteotomy of the near cortex only is accomplished with an osteotome with use of the drillholes as a guide. A sagittal saw is then used to create the transverse proximal and distal osteotomies. The far cortex of the osteotomized segment is split parallel to the medial face with use of an osteotome and a lamina spreader. The longitudinal osteotomy of the intercalary segment is separated with a lamina spreader, and the posterior cortex is hinged on the periosteal sleeve. If, however, the posteromedial cortex does not open easily, then an osteotome may be used to cut the posteromedial cortex, after which the lamina spreader is again used to open the osteotomy.
The limb is placed over a radiolucent triangle. The guide rod is passed from the proximal tibial segment through the osteotomized segment into the distal segment with the aid of fluoroscopic guidance. The length of the guidewire is measured. Care is taken to ensure that the entrance angle and the ending point in the distal segment are in the center of the tibia on both the anteroposterior and lateral fluoroscopic images 2 . Prior to reaming, the anterior muscular compartment is allowed to drape over the cortex to preserve the bone fragments produced by subsequent reaming at the osteotomy sites. The proximal and distal segments are then reamed until cortical chatter is noted. The "push-pull" effect of the reaming should result in deposit of the reamings at the osteotomy gap sites as described (Fig. 4-E) and sagittal (Fig. 4-F) planes.
for the femur. The reamer is pushed through the clamshell segment to protect the neurovascular structures and to avoid binding against the osteotomized fragments. Reaming is continued in 0.5-mm increments until cortical chatter is obtained. A tibial rod measuring 1 mm less in diameter than the final reamer is selected. The rod is then passed, and standard proximal interlocking is accomplished. The jig is removed from the proximal aspect of the tibial nail, and the limb is removed from the posi- The anterior compartment is then retracted posteriorly from the lateral part of the tibia to facilitate inspection of the osteotomy sites. The bone fragments produced by intramedullary reaming usually fill the osteotomy sites. For gaps of ≥1 cm, demineralized bone matrix or autogenous bone graft is used to ensure that there is no space left between the osteotomy fragments and the intact proximal or distal parts of the tibia. The fascia over the anterior compartment is approximated loosely. If, however, there is any concern regarding excessive swelling that may contribute to compartment syndrome, the anterior compartment fascia is not closed. We have not performed prophylactic fasciotomies to date. Closure of the extensile approach to the malunited segment is achieved with use of the Allgöwer modification of the Donati technique 4 , emphasizing careful soft-tissue handling.
Postoperative Protocol
Patients are admitted to the hospital, where patient-controlled analgesia and oral narcotics are used for pain control. The patient must be monitored closely for signs and symptoms of compartment syndrome, and regional block anesthesia is not used for this reason. Intravenous cephazolin is administered for twenty-four hours postoperatively. Mobilization begins on the first postoperative day, with the patient using crutches with toe-touch weight-bearing under the direction of a physical therapist. Weight-bearing is advanced incrementally as osteotomy healing progresses, with a goal of full weight-bearing by twelve weeks. Prophylaxis against thromboembolic disease is provided by the use of lowmolecular-weight heparin until the patient is discharged from the hospital. The patients are followed in an outpatient setting beginning two weeks postoperatively. Postoperative clinical and radiographic evaluation continues at monthly intervals until union of the osteotomy sites has occurred. Biplanar radiographs are evaluated for progression of healing and maintenance of the anatomic axis realignment that was achieved at the time of surgery. Biplanar radiographs of the joint proximal and distal to the correction and standing hip-toankle radiographs are made after healing and are used to screen for signs of degenerative arthritis and to evaluate the lower extremity mechanical axes with respect to those on the contralateral, uninjured side.
CRITICAL CONCEPTS INDICATIONS:
This procedure is indicated to treat a combined angular and translational malunion of the femoral or tibial diaphysis. The clamshell osteotomy is especially helpful for the treatment of malunions that have a long malaligned segment. It provides for simplified planning and offers the biomechanical advantage of intramedullary fixation.
CONTRAINDICATIONS:
An 
PITFALLS:
Poor understanding of limb biomechanics • Soft-tissue stripping of the osteotomized fragments • Attempts to secure the osteotomized fragments, such as with a cerclage wire, are counterproductive in that they increase • soft-tissue stripping. Also, cerclage wiring at the osteotomy site will limit micromotion of the osteotomy fragments and may prevent the formation of callus that is essential for the osteotomy to succeed.
The clamshell osteotomy of the tibia may seem counterintuitive due to the cross-sectional anatomy of the tibia. The surgeon • must carefully determine the appropriate osteotomy plane to prevent the creation of a unicortical osteotomy.
Careful soft-tissue technique is essential, particularly for the tibial osteotomies. •
AUTHOR UPDATE:
There have been two substantive changes in the technique. The first is the discontinuation of use of the fracture table when using antegrade nails after a clamshell osteotomy. We have found that a free-leg antegrade femoral nailing technique is simpler to perform and that the contralateral limb may be included in the sterile field so that it may be used as a guide for more accurate length and rotatory corrections of the osteotomized limb. The second change is that, after the starting hole has been created, sequential reaming is delayed until after the osteotomy. Initially, attempts were made to ream the segment adjacent to the starting hole, but we now advocate reaming after the osteotomies have been created so as to encourage displacement of the reamings into the gaps created by the osteotomies. Two minor changes have also been made in the technique. Larger drill-bits may be used to create the template for the longitudinal osteotomies. A 4.5-mm drill-bit may be used for femoral osteotomies and a 3.5-mm drill-bit may be used for tibial osteotomies.
